Mineralization of various degrees was found in the brains of 79 (59%) of 134 cynomolgus monkeys (Macaca fascicularis). There was no age dependency in the incidence or severity, nor were there any abnormalities in growth, weight gain, or neurologic signs, although a slight sex difference was observed. The lesions, which were basophilic and intensely positive for periodic acid-Schiff or von Kossa stain, occurred in the vascular walls of the globus pallidus in two types: globoid bodies with prominent concentric lamellar structures in and around the arteriolar and venular wall (type A) and fine granules in the media of small or medium-sized arteries (type B). Electron microscopic examination revealed dense deposits in the degenerated media of small or mediumsized arteries or the thickened walls of the arterioles. X-ray microanalysis demonstrated the presence of calcium, phosphorus, iron, zinc, magnesium, and aluminum.
In the elderly human, a mild degree of mineralization without any clinical signs is common in and around the vessel wall of the globus pallidus.2.'0-16.2' This type of severe pallidal mineralization has been observed in various disease c~nditions.~.~.~J~.~~J~.~' Vascular mineralization has also been described in the thalamus of aged mice, with the prevalence and severity reported to be dependent on mouse strains and aging.8s22. 24 In monkeys, there have been few reports on the occurrence of cerebral mineralization nor have detailed morphological or histochemical studies been reported. The pathogenesis is not clear in any animal species. In routine necropsies on monkeys, we found varying degrees of mineralization in the globus pallidus of cynomolgus monkeys (Macaca fascicularis). The present paper compares light and electron microscopic findings in the monkeys with those observed in humans and mice.
Materials and Methods
Sixty-one male and 73 female cynomolgus monkeys that were born in the laboratory or imported from the Philippines were necropsied at 3-1 8 years of age. Monkeys were housed individually or in male/female pairs in stainless steel cages in a relatively isolated room maintained at a temperature of approximately 25 C. They were maintained according to specified guidelines6 and given a commercial primate diet (Purina Monkey Chow, Ralston Purina Co., St. Louis, MO), apples, bananas, and oranges. Water was freely provided with an automatic watering system.
Samples of brains and other organs were taken from the euthanatized monkeys. After formalin fixation, the brain was sliced coronally into 5-mm-thick sections, and some sections were subjected to soft X-ray micrography. Tissues were fixed in 10% buffered formalin, and paraffin sections were made. Sections were prepared from various levels of the cerebral cortex, Ammon's horn, caudate nucleus, globus pallidus, thalamus, pons, and medulla oblongata and were stained with hematoxylin and eosin (HE), periodic acid-Schiff(PAS), alcian blue, von Kossa, alizarin red, Berlin blue, Turnbull blue, Congo red, phosphotungstic acid hematoxylin (PTAH), elastica Van Gieson, and Watanabe's silver impregnation.
For electron microscopic examination, tissue samples taken from the globus pallidus were diced into 1-mm blocks and fixed overnight in 2% cacodylate-buffered glutaraldehyde, rinsed in cacodylate buffer, and postfixed for 2 hours in 1% cacodylate-buffered osmium tetroxide. The tissue blocks were processed through a graded ethanol series and embedded in epoxy resin. Sections 1 Fm thick were stained with toluidine blue, and ultrathin sections of selected areas were stained with uranyl acetate and lead citrate and examined using a Hitachi H-800 transmission electron microscope at an accelerating voltage of 60 kV.
For X-ray microanalysis, unstained 1 00-nm sections taken from tissues with or without postfixation with osmium tetroxide were mounted on uncoated beryllium grids and examined using a Hitachi H-800 electron microscope at an accelerating voltage of 20 kV combined with an energy dispersive X-ray microanalyzer (EDAX system, Model 9 1001 60), using a sample holder made of spectrographically pure carbon. The specimens were screened in the scanning transmission mode (STEM), and appropriate portions were defined for elemental analysis. Inorganic minerals were identified by K alpha lines, and the smoothed spectra were analyzed with a dedicated microprocessor (EDAX system Model 9 100/60). 
Results
Vascular mineralization of various degrees was detected in 79 (59%) of 134 cases, 40 (65.60/~) of the 6 1 shape and size: basophilic globoid bodies occurred in and around the arterioles or venules (type A) and very fine basophilic granules produced mainly in the media males and 39 (53.4%) ofthe 73 females, consecutively and adventitia of small or medium-sized arteries (type necropsied. There was a slight difference in the prevalence of the lesions between males and females. The affected animals were 3-14 years of age, and 43% of them were 4 years of age.
No gross lesions were detectable in the brain except for a brain tumor in the left hemisphere of an 18-yearold female showing some neurologic Soft X-ray micrographs of sliced brain revealed, on a coronal section through the mammillary body, illdefined radiopaque lesions in the globus pallidus of one of four brains examined (Fig. 1 ). The density of lesions was lower than that of the skull. In this case of severe mineralization, the corresponding lesion was visible with the light microscope (Fig. 2) . The remaining three less severe cases also had mild histologic lesions in the globus pallidus.
Light microscopic examination revealed variable mineralization, mostly in the medial medullary lamina dividing the globus pallidus into the medial and lateral segments. The mineralization always occurred bilaterally and was distributed all around both segments of the globus pallidus in more severe cases (Fig. 2) . The other parts of the brain, such as the putamen, hippocampus, and dentate nucleus, were not affected.
The mineralization occurred in the vessel wall and appeared in two clearly differentiated types varying in served with the light microscope, appeared focally in the walls of arterioles and were round to oval, electron dense, and of various sizes. The large type A deposits possessed an electron-lucent core and a lamellar circular structure. The subendothelial basement membrane was irregularly waved and thickened. The outer parts or the basement membrane were also extremely thickened, containing abundant collagen fibers arranged in an orderly pattern and clumps of osmiophilic, granular matrix (Fig. 7) . The type B deposits were much smaller and electron dense; these were diffusely distributed in the degenerated media of small arteries and sometimes fused with each other (Fig. 8) .
Irregularly oriented collagen bundles were present in all three layers of arteries most prominent in the elastic lamina.
X-ray microanalysis revealed that the type A deposits contained calcium, phosphorus, iron, and chlorine peaks and small amounts of zinc, aluminum, and potassium ( Fig. 7, inset) . The composition patterns of both the middle and central areas were similar. The elemental spectra from type B mineralization in a small artery postfixed with osmium tetroxide were identified as calcium and phosphorus with trace amounts of iron, aluminum, sodium, and potassium ( Fig. 8, inset) .
Discussion
There have been many reports on cerebral mineralization in humans and mice.',2,4,8-16,18,'9,21,22,24 In the monkey, however, the occurrence of cerebral mineralization was only briefly documented in rhesus monkeys (Macaca mulatta) and a marmoset (Saguinus oedipus) without detailed morphology or age d e p e n d e n~y .~J I J~.~~
In the present study, we examined detailed pathology and age-related incidence encountered in cynomolgus monkeys. Soft X-ray micrography was useful for studying the mineralization in the brains.
The morphology and histochemistry of cerebral mineralizations in monkeys closely resembled those of two types of human cases commonly found in the globus pallidus. 16 In monkeys, however, the globoid mineralization (type A) was much more frequent, whereas both types were detected with equal frequency in human cases. The globoid bodies showed a concentric lamellar structure as observed in the arteriolar walls in the thalamus in The mineralized lesions in monkeys were strongly PAS positive, suggesting the presence of mucopolysaccharide.
The degenerative changes of the affected vessel wall were clearly demonstrated by electron microscopy. In mice, electron-dense deposits were observed in the severely thickened subendothelial basement membrane, resulting in atrophy of endothelial cells. 22 The mineralization was believed to be initiated with a focal deposition of calcium-containing substance in the basement membrane following arteriosclerotic change^.^^,^^ In the present monkey cases, the degenerated vessel wall at the site of mineralization exhibited a thickened basement membrane, with prominent growth of collagen fibers. In the initial stage of both types of mineralization, needle-shaped hydroxyapatite crystals were perpendicularly oriented within the degenerated basement membrane or cellular debris. The subsequent mineralization suggested that collagen fibers might be involved in producing mineral crystals as seen during bone formation.' Ultrastructurally, the mineralization was thought to be a consequence of degeneration and metabolic derangement of the vascular wall.
Examination with the energy-dispersive elemental X-ray microanalyzer (EDAX) revealed prominent peaks of calcium, phosphorus, and iron in both types of mineralization. It was necessary to use specimens without osmic fixation for quantitative analysis because an M alpha peak of osmium appeared close to the K alpha and K beta peaks of phosphorus. The type A deposits appeared to contain calcium, phosphate, iron, and zinc embedded within a mucopolysaccharide matrix, as has been described in mice. 24 In humans, cerebral mineralization has been found in 80% of brains of age 70 or over.2JoJ6 In mice, the incidence and severity were age dependent, and 60% of B6C3F1 mice 109 weeks of age had lesions. 22 In these cynomolgus monkeys, however, there was no clear age dependency in the incidence and severity, although younger monkeys 3-4 years of age showed a high incidence and severe lesions. The most severe mineralization of the whole globus pallidus was seen in a 4-year-old monkey. The basal ganglia was reported as most frequently affected in rhesus monkeys, and diffuse deposits were seen in the pallidal vessels of immature animals that still had deciduous teeth.'
In the present study, no neurologic symptoms or signs were recognized, as are observed in humans and mice. 16. 22 Because cerebral mineralization induces no clinical signs, it might be physiologic rather than pathologic, as with currently observed mineralizations of the pineal glandS or choroid plexus. In human cases of socalled Fahr's disease with severe mineralization, lesions of the basal ganglia were visible on radiographs or with computed t o r n~g r a p h y ,~J~ showing pathologic changes similar to those in mild pallidal vascular mineralization. Both changes seemed to be similar in quality but different in quantity. 16 More recently, magnetic resonance imaging (MRI) findings were described in pediatric patients with pallidal mineralization associated with acquired immunodeficiency syndrome (AIDS)." In simian immunodeficiency virus infection, mineralization of vessels in the globus pollidus without the inflammatory response was noted, as described with human pediatric AIDS patients.
The pathophysiology of pallidal mineralization seems to be similar in humans and other animals, although the etiology remains ~nclear.',~,'~,'~,'~,'~,~' The globus pallidus is known to be sensitive to anoxia, resulting in mineralization in human cases of carbon monoxide intoxication.L6 Norman and Urichls stated that the site corresponded to the arterial "boundary zones" with vascular disturbance, and Gomez9 stressed abnormality of the microvascular membrane preceding mineral accumulation.
There are two types of pathologic calcification: dystrophic and m e t a s t a t i~.~.~~ In the present simian cases, degenerative changes in the blood vessel wall preceded mineral deposition without hypercalcemia, suggesting that the calcification was secondary and dystrophic. The calcification process seemed to be similar in both A and B types, showing two major stages: initial crystallization of hydroxyapatite (phase 1) and their regulated proliferation associated with membranous par-Vet Pathol31: 5, 1994 ticles such as matrix vesicles (phase 2).3 Further ultrastructural investigation is needed to demonstrate matrix vesicles in the initial stage.
